Currently, twenty-eight gallium, thirty-one germanium, thirty-five lutetium, and thirty-six hafnium isotopes have been observed and the discovery of these isotopes is discussed here. For each isotope a brief synopsis of the first refereed publication, including the production and identification method, is presented.
Introduction
The discovery of gallium, germanium, lutetium, and hafnium isotopes is discussed as part of the series summarizing targets were irradiated with fast neutrons produced by bombarding a beryllium target with 10 MeV deuterons from the Purdue cyclotron. Gamma-and beta-rays were measured with a NaI scintillator and GM counter, respectively. "Very many gamma rays with various half-lives were observed after the bombardment, but all could be assigned to some known isotopes produced by fast neutrons on Ge, except for three distinct gamma rays with energies 0.58, 2.3, and 2.6 Mev which decayed with a half-life of about 8 min... Therefore this activity is assigned to Ga 74 ." This half-life is consistent with the currently adopted value of 8.12(12) m. Earlier measurements incorrectly assigned half-lives of 6(1) d [34] and 9 d [41] to 74 Ga. 75 
Ga
Morinaga et al. discovered 75 Ga in 1960 as reported in "Three new isotopes, 63 Co, 75 Ga, 81 As" [42] . Metallic germanium was irradiated with 25 MeV bremsstrahlung from the Tohoku betatron and 75 Ga was produced in the photo-nuclear reaction 76 Ge(γ,p). Gamma-and beta-radiation were measured with scintillation spectrometers following chemical separation. "Besides all the known activities a component which decayed with a half-life of approximately 2 minutes was observed." The reported half-life of 2.0(1) min agrees with the presently accepted value of 126(2) s. 76 
The observation of 76 Ga was described by Takashi et al. in the 1961 paper "Some new activities produced by fast neutron bombardments" [43] . Fast neutrons produced by bombarding graphite targets with 20 MeV deuterons from the Tokyo 160 cm variable energy cyclotron irradiated a metallic germanium sample. Gamma-and beta-ray spectra were measured with NaI(Tl) and plastic scintillators, respectively. "Since no other product of fast neutron reaction on Ge can
give such a high energy electron radiation and the cross section to produce the activity is equal in order of magnitude to that of Ge 74 (n, p)Ga 74 reaction, the activity is safely assigned to Ga 76 ." The reported half-life of 32(3) s agrees with the presently adopted value of 32.6(6) s. 77 
Wish reported the observation of 77 Ga in "Thermal neutron fission of 235 U: Identification and functional chain yield of 17-sec 77 Ga." [44] . Thermal neutrons from the Vallecitos Nuclear Test Reactor irradiated a solution of enriched 235 U and Ga(III) carrier in hydrochloric acid. The resulting β-ray activity was measured with a gas-flow proportional counter following chemical separation. "The results indicate the presence of 77 Ga and 78 Ga in the fission-product mixture. A plot of the 11.3-h 77 Ge β-ray activity versus the time of the Ga separation after irradiation is shown in [the figure]. A least-squares fit of the data gave a half-life of 17.1±1.5 sec for 77 Ga." This half-life is close to the presently accepted value of 13.2(2) s. 78 
In the 1972 paper "Identification of new germanium isotopes in fission: Decay properties and nuclear charge distribution in the A = 78 to 84 mass region" del Marmol and Fettweis identified 78 Ga [45] . A uranyl nitrate solution of 235 U was irradiated with neutrons from the Mol BR1 graphite reactor. Gamma-ray spectra were recorded with a specifies the estimated value of ≈4 s by Wish who counted a 78 Ge- 78 As mixture formed from fission produced gallium, separated different times after the end of irradiation and it confirms the element assignment of a 4.9±0.2 s half-life obtained through mass separation by the Osiris collaboration." This half-life agrees with the currently accepted value of 5.09(5) s. As stated in the quote, previously Wish only estimated a value for the half-life [44] , while the measurement by the Osiris collaboration was only published in a conference proceeding [46] .
79,80 Ga
79 Ga and 80 Ga were observed by Grapengiesser et al. in the 1974 paper "Survey of short-lived fission products obtained using the Isotope-Separator-On-Line Facility at Studsvik" in 1974 [47] . The gallium isotopes were produced by neutron induced fission and identified at the OSIRIS isotope-separator online facility. In the first long table, the half-life of 79 Ga is quoted as 3.00(9) s, which agrees with the currently accepted value of 2.847(3) s. The authors reference an internal report [48] as the source of a half-life of 1.7(2) s for 80 Ga, which is included in calculating the currently accepted average value of 1.676 (14) s.
81−83 Ga
Rudstam and Lund reported the observation of 81 Ga, 82 Ga and 83 Ga in "Delayed-neutron activities produced in fission: mass range 79-98" in 1976 [49] . 235 U targets were irradiated with neutrons from the Studsvik R2-0 reactor.
Fission fragments were separated with the OSIRIS isotope separator and half-lives were measured with 20 3 He neutron counters. "Mass number 81: The only activity at this mass can be assigned to gallium for the same reasons as in the case of mass 80... Mass number 82: One activity can be found, and again, gallium seems to be the most probable element assignment... Mass number 83: ...We have found only one activity of half-life 0.31±0.01 s. This activity can be assigned to gallium, as 83 Ge is reported to be a precursor with half-life of 1.9 ± 0.4 s." The reported half-lives of Ga [50] reported by the OSIRIS collaboration less than three month earlier. 84 
Ga
The discovery of 84 Ga was reported by Kratz et al. in "Neutron-rich isotopes around the r-process 'waiting-point' nuclei 79 29 Cu 50 and 80 30 Zn 50 " in 1991 [51] . A 238 UC-graphite target was irradiated with 600 MeV protons from the CERN synchrocyclotron and the fragments were separated and identified with the ISOLDE on-line mass separator. "During the experiment, three further new isotopes could be identified, i.e. 77 Cu, 81 Zn, and 84 Ga, the latter two lying even 'beyond' the r-process path..." The reported half-life of 85 (10) ms is the currently accepted value.
85,86 Ga
Bernas et al. observed 85 Ga and 86 Ga for the first time in 1997 as reported in their paper "Discovery and cross-section measurement of 58 new fission products in projectile-fission of 750·A MeV 238 U" [52] . Uranium ions were accelerated to 750 A·MeV by the GSI UNILAC/SIS accelerator facility and bombarded a beryllium target. The isotopes produced in the projectile-fission reaction were separated using the fragment separator FRS and the nuclear charge Z for each was determined by the energy loss measurement in an ionization chamber. of all possible germanium isotopes. Figure 2 summarizes the year of first discovery for all germanium isotopes identified by the method of discovery. The range of isotopes predicted to exist is indicated on the right side of the figure. The radioactive germanium isotopes were produced using fusion-evaporation reactions (FE), light-particle reactions (LP), neutron capture reactions (NC), and projectile fragmentation or projectile fission (PF). The stable isotopes were identified using mass spectroscopy (MS). In the following the discovery of each germanium isotope is discussed in detail and a summary is presented in Table 1 . 70 Ge, 72−74 Ge, and 76 
Stable isotopes

Ge
In 1923 Aston reported the discovery of stable 70 Ge, 72 Ge, and 74 Ge in "The isotopes of germanium" [55] . A pure germanium oxide sample was transformed into a fluorine compound and used in the Cavendish mass spectrograph. "The effects are somewhat feeble, but satisfactory evidence of the three isotopes has been obtained. Their mass-lines are at 70, 72, 74, and appear to be whole numbers though the accuracy of measurements is not so high as usual."
In the 1933 paper "The masses of atoms and the structure of atomic nuclei" Bainbridge identified stable 73 Ge and 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 2010 2020 Year Discovered Fig. 2 : Germanium isotopes as a function of time when they were discovered. The different production methods are indicated. The solid black squares on the right hand side of the plot are isotopes predicted to be bound by the HFB-14 model. On the proton-rich side the light blue square corresponds to an unbound isotope predicted to have a half-life larger than ∼ 10 −9 s. The black solid circle indicates the discovery year of the ground state in the case where the first observation was an isomeric state. 
The first identification of 69 Ge was made by Mann in 1938, titled "Nuclear transformations produced in zinc by alpha-particle bombardment" [31] . A zinc target was irradiated with 17 MeV α-particles from the Berkeley cyclotron.
Decay curves and absorption spectra were recorded with two electroscopes following chemical separation. directly on a sample of germanium in which arsenic activity was growing, is probably in error because of the difficulty in determining the parent half-life in a mixed sample when the parent and daughter have very nearly the same half-life."
The reported half-life agrees with the currently accepted value of 88.0(10) m. The incorrect half-life measurement of 2.1 h had been reported as part of the Plutonium Project [67] . 79 
The identification of 79 Ge was reported by Karras et al. in "Radioactive nucleides 79 Ge and 82 As" in 1969 [68] .
The Arkansas 400 kV Cockcroft-Walton linear accelerator was used to produce 14. Ge. 82 As is estimated to have a Q β ≈ 7.4 MeV; (ii) the 42 sec activity was found to be considerably enhanced when enriched 82 Se was bombarded and analyzed; and (iii) the 42 sec 230 keV γ-ray was observed to follow the Ge fraction separated from irradiated natural Se." The reported half-life of 42 (2) s agrees with the currently adopted value of 39.0(10) s for an isomer. The ground-state of 29 Ge was first observed in 1974 [47] .
80−84 Ge
In the 1972 paper "Identification of new germanium isotopes in fission: Decay properties and nuclear charge distribution in the A = 78 to 84 mass region" del Marmol and Fettweis identified 80 Ge, 81 Ge, 82 Ge, 83 Ge, and .. In the present case the 'milking' method was applied to the 881.6 keV γ-ray from 84 Br to obtain the half-life of 84 Ge; even with a counting time of 1 h, the statistics of this 50% intensity transition were very low."
The reported half-lives of 24.5 (10) (14) s, respectively.
The 82 Ge half-life is included in the calculation of the average accepted value. The previous assignment of 80 Ge by the OSIRIS group mentioned in the quote was only published in a conference proceeding [46] . 85 
Ge
In 1991 Omtvedt et al. described the observation of 85 Ge in "Gamma-ray and delayed neutron branching data for the new or little known isotopes 84, 85 Ge and 84, 85 As" [69] . Fission fragments were measured with the OSIRIS facility in Studsvik. Beta-and gamma-ray spectra were recorded of the mass-separated fragments. "The branchings of γ-rays following the decay of 84, 85 Ge and 84, 85 As have been determined using mass-separated samples. Our results include the first identification of 85 Ge and the first γ-ray data for 84 Ge." The reported half-life of 0.58(5) s agrees with the currently accepted value of 535(47) ms.
Bernas et al. discovered 86 Ge in 1994 as reported in "Projectile fission at relativistic velocities: A novel and powerful source of neutron-rich isotopes well suited for in-flight isotopic separation" [70] . The isotopes were produced using projectile fission of 238 U at 750 MeV/nucleon on a lead target. "Forward emitted fragments from 80 Zn up to 155 Ce were analyzed with the Fragment Separator (FRS) and unambiguously identified by their energy-loss and time-of-flight." The experiment yielded ten individual counts of 86 Ge.
87−89 Ge
Bernas et al. observed 87 Ge, 88 Ge, and 89 Ge for the first time in 1997 as reported in their paper "Discovery and cross-section measurement of 58 new fission products in projectile-fission of 750·A MeV 238 U" [52] . Uranium ions were accelerated to 750 A·MeV by the GSI UNILAC/SIS accelerator facility and bombarded a beryllium target. The isotopes produced in the projectile-fission reaction were separated using the fragment separator FRS and the nuclear charge Z for each was determined by the energy loss measurement in an ionization chamber. "The mass identification was carried out by measuring the time of flight (TOF) and the magnetic rigidity Bρ with an accuracy of 10 −4 ." 583, 67 and 11 counts were observed for 87 Ge, 88 Ge, and 89 Ge, respectively. proton-rich and 9 neutron-rich isotopes. According to the HFB-14 model [14] , 234 Lu should be the last odd-odd particle stable neutron-rich nucleus while the even-odd particle stable neutron-rich nuclei should continue at least through 241 Lu.
The proton dripline has been crossed with the observation of proton emission of [73] . The international commission on atomic weights -which Urbain was a member of -recommended the name lutetium in 1909 [74] . Auer von Welsbach [75] and Urbain [76] continued to argue about the naming rights in the subsequent years and the name cassiopeium was used in the german scientific literature for several decades (for example [77] ). In 1949, at the 15 th Conference of the International Union of Chemistry it was decided that the spelling should be lutetium rather than lutecium [78] . Figure 3 summarizes the year of first discovery for all lutetium isotopes identified by the method of discovery. The range of isotopes predicted to exist is indicated on the right side of the figure. The radioactive lutetium isotopes were produced using fusion-evaporation reactions (FE), photo-nuclear reactions (PN), neutron capture reactions (NC), lightparticle reactions (LP), spallation (SP), and deep inelastic (DI). The stable isotope was identified using mass spectroscopy (MS). In the following, the discovery of each lutetium isotope is discussed in detail and a summary is presented in Table   1 .
Stable isotope 175 Lu
Aston discovered 175 Lu in the 1934 paper "Constitution of dysprosium, holmium, erbium, thulium, ytterbium and lutecium" [79] . Rare earth elements were measured with the Cavendish mass spectrograph: "Lutecium (71) assignment of this proton transition to the p3n evaporation channel from 154 Hf * is also consistent with the observed yield and we therefore identify the 1.26-MeV peak as proton emission from 150 Lu." The reported half-life of 35 (10) ms is included in the calculation of the currently accepted value of 46(6) ms. Earlier reports of a half-life of ≤10 ms [81] and a proton decay energy of 1262.7(36) keV [82] were only reported in conference proceedings. reaction. The online isotope separator OASIS was used to separate the reaction products which were then transported by a cycling tape system to a detection system consisting of a silicon ∆E − E telescope, a plastic scintillator, a planar hyperpure Ge detector and two n-type Ge detectors. "Gating on the 566.5-keV γ ray revealed coincident Yb K x rays indicating that we had observed the β decay of 153 Lu." The reported half-life of 0.9(2) s corresponds to the presently adopted value. In an earlier report the existence of 153 Lu was inferred from α-correlation measurements: "Further, day-Lu 170 together with growth of the 8.5-day species was observed only in hafnium activities produced by 60 to 75-Mev protons on lutetium and hence, in view of the production of both isotopes in alpha particle bombardments of thulium, allocation of the 8.5-day activity is made to mass 171... 6.70±0.05 day Lu 172 -The hafnium activity of about five years half-life allocated to mass 172 has been found to have a lutetium daughter, the decay of which has been followed through over ten half-lives. The radiation characteristics agree well with those obtained for the activity produced in low energy alpha-particle bombardments of thulium, and it is fairly certain that the activities are due to the same isotope... (20) reactions" [115] . Hafnium oxide powder was irradiated with γ-rays at the Tohoku 25 MeV betatron. Decay curves
∼500-day Lu
were measured with a β-ray analyser or an end-window G-M counter and β-ray spectra were recorded with a plastic scintillator. "Several new activities in the rare earth region were identified and also the decay characteristics of some previously reported activities in this region were studied more in detail. They were produced by the (γ,p) reactions and measurement was made with the aid of the scintillation spectrometers. Results were as follows: ... and attributed the longer half-life to possible impurities [116] . Previously, half-lives of 22 min and 8 h were assigned to either 178 Lu or 179 Lu [114] and a ∼5 h half-life was reported without a mass assignment [117] .
Lu
The identification of The GSI UNILAC accelerator was used to bombard a tungsten/tantalum target with a 11.7 MeV/u 136 Xe beam. A plastic scintillator and two Ge(Li) detectors were used to measure β and γ spectra, respectively, following on-line mass separation. "The observed coincidence of hafnium K X-rays with the 168, 249, and 1057 keV γ-lines allows, together with β − γ coincidence relationships, to assign these γ-lines to the decay of 183 Lu." The reported half-life of 58 (4) (2) s.
Discovery of 154−189 Hf
Thirty six hafnium isotopes from A = 154−189 have been discovered so far; these include 6 stable ( 174 Hf and 176−180 Hf), 21 proton-rich and 9 neutron-rich isotopes. According to the HFB-14 model [14] , 235 Hf should be the last odd-even particle stable neutron-rich nucleus while the even-even particle stable neutron-rich nuclei should continue at least through 240 Hf. The discovery of 153 Hf had been reported in a conference proceeding [125] but never in a refereed publication. At the proton dripline at least four more particle stable hafnium isotopes are predicted ( 150−153 Hf) and in addition seven more isotopes ( 143−149 Hf) could possibly still have half-lives longer than 10 −9 s [54] . Thus, about 60
isotopes have yet to be discovered corresponding to 63% of all possible hafnium isotopes. Figure 4 summarizes the year of first discovery for all hafnium isotopes identified by the method of discovery. The range of isotopes predicted to exist is indicated on the right side of the figure. The radioactive hafnium isotopes were produced using fusion-evaporation reactions (FE), neutron capture reactions (NC), light-particle reactions (LP), spallation (SP), projectile fragmentation or fission (PF), and heavy-ion transfer reactions (TR). The stable isotopes were identified using mass spectroscopy (MS). In the following, the discovery of each hafnium isotope is discussed in detail and a summary is presented in Table 1 .
Stable isotopes 174,176−180 Hf
Dempster described the discovery of 174 Hf in the 1939 paper "Isotopic constitution of hafnium, yttrium, lutetium and tantalum" [126] . Hafnium in the form of doubly charged ions was studied with the Chicago mass spectrometer. "In addition to the five isotopes reported by Aston, at 180, 179, 178, 177, and 176, a new isotope was found at 174 on six photographs." 176 Hf, 177 Hf, 178 Hf, 179 Hf, and 180 Hf were discovered by Aston in "Constitution of hafnium and other elements" in 1934 [127] . The stable isotopes were identified with an anode discharge tube installed at the Cavendish Laboratory mass spectrograph. "Hafnium gives a mass-spectrum indicating five isotopes, a weak line at 176 and four strong ones, 177, 178, 179, 180, of which the even numbers are rather more abundant." Excitation functions and α-particles spectra were measured. "One of the Hf alpha groups was observed at an alpha particle energy of 5.68 MeV and was found to decay with a half-life of 0.12±0.03 sec. This group can be seen in the incorrect. An unsuccessful search for the 1.5 h half-life determined an upper limit of 8 min [134] . 170 
Hf
The first identification of 170 Hf was described by Merz and Caretto in "Neutron-deficient nuclides of hafnium and lutetium" in 1961 [133] . Tantalum, tungsten and Lu 2 O 3 targets were irradiated with 300-400 MeV protons from the Carnegie Institute of Technology synchrocyclotron. After chemical separation γ-rays and positrons were measured with a NaI crystal and a magnetic spectrometer with an anthracene crystal, respectively. "A previously unreported activity with a half-life of (9±2) hr was observed in the hafnium fraction, which cannot result from the reported 12-or 16-hr activities for Hf 171 , because the half-life reported in this work was derived from milking a 1.9-day lutetium activity from the hafnium fraction. The 1.9-day lutetium activity is Lu 170 ." This half-life is within a factor of two of the presently adopted value of 16.01(13) h.
171−173 Hf
In "Radioactive isotopes of lutetium and hafnium" 189 Hf in the 2009 paper "β − -delayed spectroscopy of neutron-rich tantalum nuclei: Shape evolution in neutron-rich tungsten isotopes" [147] . A beryllium target was bombarded with a 1 GeV/nucleon 208 Pb beam from the SIS-18 heavy-ion synchrotron at GSI, Germany. Projectile-like fragments were separated with the FRS and implanted in a series of double-sided silicon strip detectors where correlated β-decay was measured in coincidence with γ-rays in the γ-ray spectrometer RISING. Although not specifically mentioned in the text, evidence for 189 Hf is clearly visible in the two-dimensional particle identification plot.
Summary
The discoveries of the known gallium, germanium, lutetium, and hafnium isotopes have been compiled and the methods of their production discussed.
While in gallium only 64 Ga and 74 Ga were at first incorrectly identified, five germanium isotopes were initially incorrectly assigned ( 65 Ge, 67 Ge, 69 Ge, 71 Ge, and 78 Ge). In addition, the half-lives of 70 Ga and 72 Ga were first observed without a mass assignment and 71 Ge, 75 Ge, and 77 Ge were incorrectly reported to be stable. Table 1 
